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Genome-wide reprogramming of DNA methylation oc-Developmental Genetics Programme
curs in mammalian embryos. In the mouse there are twoBabraham Institute
phases of reprogramming, one during germline develop-Cambridge CB2 4AT
ment, when DNA methylation imprints are erased [13,United Kingdom
14], and the second during preimplantation develop-2 Institute of Molecular Animal Breeding
ment [15–18]. The second phase is initiated upon fertil-Gene Centre
ization and includes chromatin remodeling of the maleLudwig-Maximilian University
pronucleus and selective demethylation of its DNA. TheMunich
remaining methylation is largely lost during cleavageGermany
divisions by passive demethylation. By the blastocyst3 Research Institute of Molecular Pathology
stage, de novo methylation has begun in a lineage-spe-University of Vienna
cific manner such that the inner cell mass (ICM) is highlyVienna
methylated while the trophectoderm is hypomethylatedAustria
[18]. A number of studies show that epigenetic repro-
gramming is severely deficient in cloned embryos, where
aberrant patterns of DNA methylation [7, 8, 10, 12] and
gene expression occur [11, 19, 20]. These observations
Summary beg the question as to whether other epigenetic marking
systems are reprogrammed during early development
During differentiation, somatic nuclei acquire highly and whether they could be similarly deregulated during
specialized DNA and chromatin modifications, which cloning [2–6].
are thought to result in cellular memory of the differen- One of the most interesting epigenetic modifications
tiated state [1]. Upon somatic nuclear transfer into to consider is methylation and acetylation of histone H3
oocytes, the donor nucleus may have to undergo re- lysine 9 (H3-K9) because links between DNA methylation
programming of these epigenetic marks in order to and H3-K9 methylation have been established in other
achieve totipotency. This may involve changes in epi- organisms [21–23]. Using an antibody that identifies
genetic features similar to those that occur in normal H3-K9 methylation specifically in the context of constitu-
embryos during early development [2–6]. However, tive heterochromatin (branched configuration) [24, 25]
there is accumulating evidence that epigenetic repro- and an antibody against 5-Methyl Cytosine (5-MeC), we
gramming is severely deficient in cloned embryos [7– double labeled embryos. We first established the distri-
12]. Several reports reveal inefficient demethylation bution of H3-K9 methylation and DNA methylation in
and inappropriate reestablishment of DNA methylation normal bovine embryos (IVM-IVF controls) and then in
in quantitative and qualitative patterns on somatic nu- those produced by somatic nuclear transfer (NT).
clear transfer [7–12]. Here we examine histone H3 ly- In control bovine embryos, DNA methylation is char-
sine 9 (H3-K9) methylation and acetylation in normal acteristically reduced between the 2 and 4 cell stages
embryos and in those created by somatic nuclear [7], with de novo methylation occurring after the 8 cell
transfer. We find that H3-K9 methylation is repro- stage (Figure 1A). The pattern of distribution and inten-
grammed in parallel with DNA methylation in normal sity of H3-K9 methylation very closely parallels that of
embryos. However, the majority of cloned embryos DNA methylation (Figure 1B). Consistent with previous
exhibit H3-K9 hypermethylation associated with DNA results [7], embryos reconstructed with fetal fibroblast
hypermethylation, suggesting a genome-wide failure nuclei stain more intensely for DNA methylation at all
of reprogramming. Strikingly, the precise epigenotype stages (Figure 1D) than controls. Just as in control em-
in cloned embryos depends on the donor cell type, and bryos, the H3-K9 methylation intensity mirrors that of
the proportion of embryos with normal epigenotypes DNA methylation in that it remains uniformly high
correlates closely with the proportion developing to throughout preimplantation development (Figures 1B
the blastocyst stage. These results suggest a mecha- and 1C). Capturing images under nonsaturating condi-
nistic link between DNA and histone methylation in tions revealed that the mean difference in the staining
the mammalian embryo and reveal an association be- of H3-K9 between the cloned and control groups was
approximately 10-fold (data not shown). There remains a
formal possibility that the difference in the fluorescence
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Kingdom. body accessibility. Irrespectively, this would again high-
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Figure 1. Epigenetic Marking Systems in
Normal and Bovine Preimplantation Embryos
Produced by Nuclear Transfer (NT)
Normal and NT preimplantation staged
embryos were double labeled for DNA and
histone H3-K9 methylation. (A) Anti-5-methyl-
cytosine (5-MeC) and (B) anti--4x-methH3-K9
immunofluorescence of normal bovine em-
bryos. Staged embryos are, from top to bot-
tom: 2 cell embryos (n 10); 4 cell embryos
(n  15); 8 cell embryos (n  15); approxi-
mately 16 cell embryos (n 10); and morulae
(n  10). (C) Anti--4x-methH3-K9 and (D)
anti-5-methyl-cytosine immunofluorescence
of cloned bovine embryos from fetal-fibro-
blast nuclear donors. Staged reconstructed
embryos are from top to bottom: 2 cell em-
bryos (n  6/16); 4 cell embryos (n  8/18);
8 cell embryos (n  10/15); approximately 16
cell embryos (n  2/6); and morulae (n  8/
14). The scale bar represents 50 m.
light the significant differences that occur in the organi- It was of additional interest to investigate these mark-
ing systems in blastocysts, when lineage allocation haszation of chromatin upon somatic nuclear cloning. Thus,
it appears that both DNA and H3-K9 methylation pat- already occurred and differentiation is beginning to take
place. The inner cell mass (ICM) gives rise to all adultterns are largely refractory to the remodeling potential
of the oocyte. Interestingly, both in normal and NT em- tissues, and the trophectoderm gives rise to most pla-
cental tissues. Lineage-specific hypermethylation of thebryos, the two epigenetic marking systems parallel each
other closely, suggesting strongly that they are mecha- ICM was observed for both DNA and H3-K9 in normal
embryos (Figure 3A), indicating epigenetic asymmetrynistically linked in the mammalian embryo, as they are
in other organisms. between embryonic and extraembryonic lineages. How-
ever, blastocysts produced by NT fail to establish thisThe K9 residue of H3 can be either methylated or
acetylated [26]. These alternative modifications are epigenetic asymmetry for either DNA or H3-K9 methyla-
tion with the trophectoderm as highly methylated as thebroadly associated with inactive (constitutive hetero-
chromatin) and active (euchromatin and facultative het- ICM (Figure 3B). Merging of a representative region of
the trophectoderm (Figure 3: insets) indicates that in-erochromatin) chromatin configurations, respectively
[27, 28]. Staining with an antibody to the acetylated form creases in DNA and H3-K9 methylation are in hetero-
chromatic foci. Acetylation of H3-K9 in cloned blasto-of H3-K9 was therefore used as a measure of euchro-
matic characteristics in the early embryo (Figure 2). Con- cysts is also deregulated, albeit less dramatically than
H3-K9 methylation (see Figure S1 in the Supplementaltrol embryos become hypoacetylated after the 4 cell
stage, with increases after the 8 cell stage (Figure 2B), Data available with this article online).
Thus, failure to reprogram DNA and histone methyla-coincident with the major activation of zygotic transcrip-
tion [29]. By contrast, nuclei in the NT embryos remain tion during preimplantation development of nuclear
transfer embryos leads to aberrantly high levels of modi-hyperacetylated at all stages (Figure 2C). The uniform
distribution of H3-K9 acetylation in the nuclei of NT em- fications in extraembryonic tissues. This may underlie
the substantial proportion of genes whose expressionbryos is in marked contrast to the peri-centromeric local-
ization of H3-K9 methylation, suggesting that both het- is downregulated in placentae of cloned embryos, as
well as the characteristic placental abnormalities oferochromatic (constitutive) and euchromatic (and
facultative heterochromatic) epigenetic marking activi- clones [11, 30–32]. In addition, qualitative changes in the
organization of heterochromatic foci closely resemblingties are deregulated in cloned embryos.
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Figure 2. Aberrant DNA Methylation and Histone H3-K9 Acetylation Patterns in Cloned Bovine Preimplantation Embryos
Normal and NT-generated embryos were double labeled and assessed sequentially for epigenetic modifications. (A) Anti-5-methyl-cytosine
(5-MeC) and (B) anti--acetyl-H3-K9 immunofluorescence of normal bovine embryos. Staged embryos are, from top to bottom: 2 cell embryos
(n  10); 4 cell embryos (n  10); 8 cell embryos (n  10); approximately 16 cell embryos (n  10); and morulae (n  10). (C) Anti--acetyl-
H3-K9 and (D) anti-5-methyl-cytosine immunofluorescence of cloned bovine embryos from fetal-fibroblast nuclear donors. Staged reconstructed
embryos are, from top to bottom: 2 cell embryos (n  4/10); 4 cell embryos (n  6/10); 8 cell embryos (n  6/10); approximately 16 cell
embryos (n  6/10); and morulae (n  5/10). The scale bar represents 50 m.
the donor nuclei were commonly observed in cloned The majority of cloned embryos thus have aberrant
epigenetic marks, although a proportion have relativelyembryos (data not shown). Our results suggest that the
type of reprogramming needed for cloning success is normal epigenotypes (Figure 4). It was of particular inter-
est to see whether this results from epigenetic heteroge-“foreign” and unlikely to be readily achieved in the oo-
cyte [33] because epigenetic marks characteristic of neity in the donor nuclei or variable reprogramming (or
both) and whether the presence of normal or abnormalsomatic cells may differ substantially from those in the
egg and sperm, which are efficiently reprogrammed in epigenetic marks in cloned embryos could be related
to the developmental success of these embryos. Wenormal development. This would explain the consis-
tently low rate of cloning efficiency in all species in which therefore investigated the epigenetic profile of two dif-
ferent donor cell populations that are commonly usedit has been achieved, including amphibians [34]. The
rare successful development of clones to term may be for cloning (fetal fibroblasts and granulosa cells) and
compared epigenetic marks in cloned embryos frompartly explained by accidental or stochastic erasure of
the somatic epigenetic marks. these cells. We also compared the success of develop-
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Figure 3. Aberrant DNA Methylation and Histone H3-K9 Methylation Patterns in NT Bovine Blastocysts
(A) Anti--4x-methH3-K9 and anti-5-methyl-cytosine (5-MeC) immunofluorescence of a normal bovine blastocyst (n  20); enlarged detail
(2) of a merged image of DNA methylation staining (red) and -4x-methH3-K9 staining (blue), with pink showing overlapping patterns.
Normal blastocysts stain heterogeneously, with a hypomethylated trophectoderm (enlarged detail) and a hypermethylated ICM. (B) Anti--4x-
methH3-K9 and anti-5-methyl-cytosine immunofluorescence of a cloned bovine blastocyst from fetal-fibroblast nuclear donors (n  4/12);
enlarged detail (2) of a merged image of DNA methylation staining (red) and -4x-methH3-K9 staining (blue), with pink showing overlapping
patterns. Cloned blastocysts stain homogeneously, with little difference between ICM and trophectoderm (enlarged detail) patterns. The scale
bar represents 50 m.
ment to the blastocyst stage between the two groups Given that such pronounced epigenetic differences
are evident between donor cells, we assessed in detailof cloned embryos.
Double labeling of the two types of donor cell popula- epigenetic features in two groups of nuclear transfer
embryos, one that had been derived from BFF, the othertions identified clear differences between them. In gen-
eral, most somatic cell nuclei have a regular organization from granulosa cells (Figure 4). Individual embryos were
scored for the extent of DNA and H3-K9 methylationof large heterochromatic foci that stain both for DNA
and H3-K9 methylation. However, the population of fi- compared to that in normal embryos of the same stage.
Each individual cloned embryo was therefore classifiedbroblast donor nuclei is much more homogeneous than
the granulosa cell nuclei (Figure S2). Most fibroblast as belonging to one of four categories (normal or abnor-
mal, for DNA and histone methylation, respectively).nuclei have comparable levels of DNA and histone meth-
ylation, whereas in granulosa nuclei both DNA and his- These scores are shown as histograms for embryos from
BFF or granulosa cell donors (Figure 4). Most clonedtone methylation levels are variable (Figure S2). This
difference is unlikely to be a simple consequence of the embryos derived from either donor group were scored
as abnormal both for DNA and histone methylation, con-cell cycle; donor nuclei were prepared such that the
vast majority, from either source, would be in G1 [35, sistent with the results shown in Figures 1 and 2. How-
ever, an important difference emerged between the36]. Perhaps more interestingly, this may be a reflection
of a more generalized epigenetic heterogeneity between groups through this analysis. Compared to clones from
BFF, Granulosa cell-derived clones have a significantlyindividual granulosa cells, suggesting a greater intrinsic
plasticity. higher proportion of normal patterns of DNA and histone
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varies significantly between the two groups in this study
(Table 1), with blastocysts being derived from granulosa
cells nearly twice as often as from fetal fibroblasts. Other
studies show that development to fetal stages, develop-
ment to term, and survival after birth are all significantly
more successful for granulosa cell-derived embryos as
compared to fetal fibroblast-derived embryos [34, 37–
39]. Our study thus provides the first indication of a
link between the epigenotype of cloned embryos and
developmental success. This connection may provide
diagnostic markers that predict the developmental ca-
pacity of individual nuclear transfer embryos, at least to
the blastocyst stage (as shown here) and, potentially,
to term.
The differences in epigenetic marks between the do-
nor cells may reflect differentiation states. Perhaps the
fact that the granulosa cell population is more heteroge-
neous and the marks are more variable indicates that
there are fewer differentiated cells in this tissue than in
the fibroblast cells. Although it has been shown that
nuclear transfer can in principle reprogram terminally
differentiated B-lymphocytes, this was incredibly ineffi-
cient [40]. By contrast, ES cells, which are pluripotent,
are successfully reprogrammed at a higher rate than
cumulus cells in mice [41]. Thus, our results strongly
suggest that, for cloned embryos, epigenetic variations
in donor cells along with partial reprogramming resultsFigure 4. Evaluation of Epigenotypes, DNA Methylation and H3-K9
in heterogeneity of epigenetic marking, which is respon-Methylation, of Cloned Embryos Derived from Two Different Donor
Cell Populations sible for their developmental potential.
Hence, the choice of the donor nucleus appears toEmbryos cloned from bovine fetal fibroblasts (BFF) or granulosa
cells were double labeled for DNA and H3-K9 methylation and be critically important, and it is possible that certain
scored as abnormal or normal as compared to control embryos of cell types are inherently more efficient for cloning than
the same stage, resulting in four possible categories (normal or others because of existing variability in epigenetic pat-
abnormal, for DNA and histone methylation, respectively). Graphic
terns and/or different responses to reprogramming. Thisrepresentation (histogram) of scoring results for embryos cloned
suggests that it may be possible through the character-from BFF (n  86; crosshatched) and granulosa cells (n  90); (A
ization of a donor population and the assessment ofand C) cloned 16 cell embryos for which BFF were used as nuclear
donors. The embryos were double labeled for 5-methyl-cytosine reconstituted embryos at the blastocyst stage to begin
(red) and -4x-methH3-K9 (green). (A) both methylation signals ap- to test manipulations of donor cells that in turn could
pear abnormally high (49%); (C) both methylation signals appear lead to improvement of overall cloning efficiencies.
normal (16%). (B and D) Cloned 16 cell embryos for which granulosa
cells were used as nuclear donors. The embryos were double la-
Supplemental Databeled for 5-methyl-cytosine (red) and -4x-methH3-K9 (green). (B)
Supplemental Data including Experimental Procedures and addi-Both methylation signals appear abnormally high (46%); (D) both
tional Results and Discussion is available online at http://www.methylation signals appear normal (31%).
current-biology.com/content/supplemental.
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Table 1. Cloning Success of Bovine Fetal Fibroblasts (BFF) compared to Granulosa Cells
Donor cells Reconstructed (%) Cleaved (%) Blastocysts (%)a
Granulosa cells 99/107 (93) 68 (69) 30 (30)b
BFF 116 158/164 (96) 96 (61) 26 (16)c
The rate of development to blastocysts is significantly (P  0.01) higher with granulosa cells than with fibroblasts as nuclear donors. The
column marked “cleaved” refers to reconstituted embryos undergoing the first cleavage division.
a Blastocyst rates are based on the number of reconstructed (fused) karyoplast-cytoplast complexes. b:c: P  0.01.
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